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Abstract 
This paper presents the application of a Fuzzy Axiomatic Design Methodology for Ergonomic Compatibility Evaluation on the 
selection of Advanced Manufacturing Technology (AMT). A case study on the selection of CNC plastic molding machines for an 
AMT training center was developed. The purpose of this methodology is to establish a decision aid for decision makers to 
perform evaluation of AMT in a more complete manner, while considering human factors and ergonomic aspects. These aspects 
are found to be scarce in AMT evaluation and selection models.  A multi-attribute axiomatic design perspective was used 
supporting the selection of AMT. An Ergonomic Compatibility Survey was used and the procedure for the data analysis is 
described. The Ergonomic Compatibility construct was tested and validated using Cronbach Alpha Test observing good 
reliability of the instrument. A numerical example is presented by the application of the model with the participation of three 
experts. The alternative which best meet established Design Ranges in terms of Ergonomic Compatibility was selected among 
three alternatives, according to the Ergonomic Incompatibility Content in a fuzzy environment.  
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of AHFE Conference. 
Keywords:Fuzzy Multiple Attribute Decision Making (FMADM), Advanced Manufacturing Technology (AMT), Ergonomic Compatibility (EC), 
Human Factors and Ergonomics (HFE), Axiomatic Design (AD).  
 
* Corresponding author. Tel.: 52 1 656 6884843. 
E-mail address: amaldona@uacj.mx 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of AHFE Conference
5770   Aidé Maldonado-Macías et al. /  Procedia Manufacturing  3 ( 2015 )  5769 – 5776 
1. Introduction 
Advanced Manufacturing Technology (AMT) has taken major changes in manufacturing systems in the world´s 
industrial scenery. It is considered one of the main elements towards efficiency and competitiveness of enterprises. 
It generally includes CNC (Computer Numerical Controlled) equipment, CAD/CAM (Computer Aided 
Design/Computer Aided Manufacturing), FMS (Flexible Manufacturing Systems), robotics, rapid prototyping, 
environmentally sustainable technologies, etc. [1,2].  Aiming to optimize manufacturing systems, AMT selection 
plays an important role in decision making nowadays, this implies a large amount of information and uncertainty, 
Decision Makers continuously face the problem of evaluation and selection of equipment among a wide variety of 
alternatives, because often involve multiple attributes and conflicting criterion.  AMT has been largely used in 
modern industries around the world and there are evaluation tools and models available to support equipment 
selection processes, even though the publications on this subject are limited [3,4].  Several authors recognize that 
AMT decision making and management constitutes a complex problem that involves multiple aspects, which are 
sometimes difficult to consider totally among these models and methods. In this way, evaluation models regarding 
planning and selection of AMT equipment are found to be scarce of the adequate and desirable Human Factors and 
Ergonomics (HFE) aspects (attributes) and their importance is under estimated among DM and Decision Making 
Models (DMM) as well. A numerical example is presented using the approach; in this case DM faced the problem of 
selecting Plastic Moulding Machines among three alternatives for a university manufacturing laboratory. It was 
important for them to consider ergonomic and safety aspects additionally of economic and technological ones. The 
main purpose of this paper is to present a fuzzy axiomatic design approach that was used to assess the selection of 
the equipment taking into account ergonomic attributes of equipment. An Ergonomic Compatibility Survey (ECS) 
was applied in order to measure the Ergonomic Compatibility (EC) of these artefacts. The EC construct was 
validated using Cronbach Alpha test. Also a fuzzy axiomatic design approach was used to obtain Ergonomic 
Incompatibility Content (EIC); the alternative which has the minimum EIC was selected as the best for this purpose. 
2. Literature review 
Axiomatic Design approaches for AMT evaluation and selection of equipment and facilities are found in 
literature in the state of the art of AMT evaluation and selection models and methodologies involving crisp and 
fuzzy modalities. A consensus of these applications can be found in [5]. Evaluation and selection processes using 
the Information Axiom seem to offer several advantages for authors, emphasizing its capability to evaluate designs 
following the designers’, judges’ or experts’ appraisal necessities stated as Functional Requirements with their 
correspondent Design Ranges, these ranges state what the design must accomplish and they are designer-specified. 
The alternative which best meet such requirements according to their System Design Range is selected as the best 
for the particular purposes.  Nevertheless, human factors and ergonomics requirements have been neglected in the 
evaluation of AMT; in this way, the Ergonomic Compatibility Evaluation using a Fuzzy Multi-Attribute Axiomatic 
Design approach for AMT is considered innovative. EC is a construct used in this work evoking the concepts of 
human-system and human-artefact compatibility introduced by Karwowski [6,7,8,9] which offer comprehensive 
treatment of compatibility in human factors discipline. It intends to measure in a subjective way the probability of a 
design to satisfy ergonomic requirements using the EIC in a fuzzy environment. For this, the theory of Axiomatic 
Design extended by [10,11] and adopted by [7,9,12] was also evolved. For this approach a Hierarchical Fuzzy 
Axiomatic Design Survey for Compatibility Evaluation of AMT was designed based on a pragmatic perspective and 
a large amount of literature that was reviewed and presented in [13]. 
3. Methods 
In this work, Ergonomic Functional Requirements (EFR) represented as desirable ergonomic attributes of the 
equipment, and the alternative’s ratings of each attribute are evaluated by each expert, also the importance of each 
attribute is defined using the experts’ opinions. Axiomatic Design theory requires that Design Ranges, Appropriate 
aggregation procedures for the importance or weight establishment and the determination of the System Design 
Ranges which are given to each attribute. Equations for the Weighted Ergonomic Incompatibility Content and 
Membership Functions are also needed. 
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3.1. Hierarchical Fuzzy Axiomatic Design Survey for Ergonomic Compatibility Evaluation 
This section describes the Ergonomic Compatibility Attributes (ECA) involved in the evaluation. The Ergonomic 
Compatibility Survey by [13] and [14], are highly recommended for further reading. 
3.2. Ergonomic Compatibility Attributes 
ECA were organized in a hierarchical structure. Main attributes are divided into five main attributes:  human 
skills and training compatibility (A11), physical work space compatibility (A12), usability (A13), equipment 
emissions (A14) and organizational requirements (A15). The main attribute A11 includes two sub-attributes: skill 
level compatibility (A111) and training compatibility (A121). The main attribute A12 includes five sub-attributes: 
access to machine and clearances (A121), horizontal and vertical reaches (A122), adjustability of design (A123), 
postural comfort of design (A124), physical work and endurance of design (A125). The main attribute A13 includes 
seven sub-attributes: controls´ design compatibility (A131), controls´ physical distribution (A132), visual work 
space design (A133), information load (A134), error tolerance (A135), man machine functional allocation (A136), 
design for maintainability (A137). The main attribute (A14) includes four sub-attributes: temperature (A141), 
vibration (A142), noise (A143), residual materials (A144). The main attribute (A15) includes two sub-attributes: 
rate of work machine compatibility (A151) and job content machine compatibility (A152).  
3.3. Fuzzy Axiomatic Design Procedure 
The procedure of the proposed method is described in the following phases. 
3.3.1. Phase 1 
Step 1:  Determine the alternatives to consider in the evaluation. Where Ai= (1, 2...N) number of alternatives.  
Step 2: Determine the attributes to evaluate, establishing the EFR’s. Where Bj= (1, 2…M) number of attributes. 
Step 3: Constitute the group of experts. Where k= (1, 2…k) number of experts. 
Step 4: Choose appropriate linguistic variables for the importance weights of the attributes for each alternative and 
the linguistic ratings according Table 1. 
Table 1.Linguistic Scales using Fuzzy Triangular Numbers. 
Tangible Attributes Linguistic Term Triangular Fuzzy Numbers 
 Very Low (VL) (0,0,0.3) 
 Low (L) (0,0.25,0.5) 
 Medium (M) (0.3.0.5,0.7) 
 High (H) (0.5,0.75,1) 
 Very High (VH) (0.7,1,1) 
Intangible Attributes Linguistic Term Triangular Fuzzy Numbers 
 Poor (P) (0,0,0.3) 
 Regular (R) (0.2,0.35,0.5) 
 Good (G) (0.4,0.55,0.7) 
 Very Good (VG) (0.6,0.75,0.9) 
 Excellent (E) (0.8,1,1) 
 
Step 5: Assess the importance of each attribute using linguistic terms.  
Step 6: The experts evaluate subjectively each attribute of each alternative establishing the Design Range (DR) and 
System Range (SR) for each attribute. Where mij= (for i= 1,2…N, j=1, 2…M, k=1, 2...k) are ratings the 
alternatives and attributes. 
3.3.2. Phase 2 
Step 1: Convert the linguistic terms of importance and the ratings assigned to each attribute to their numeric value. 
Step 2: Aggregate experts’ opinions about the importance to obtain the weight of each attribute from pair wise 
comparisons of Analytical Hierarchical Process (AHP) methodology using the geometric means.    
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μ(x) = Xi – α, for benefit attributes         μ(x) = α - Xi, for cost attributes                      (2) 
θ – α    θ - α 
Step 3: Determine DR for each attribute from experts’ opinions and from Corollary number 6 of Axiomatic Design 
Theory. 
Step 4: Aggregate experts’ opinions on the assigned rating of each attribute to each alternative obtaining the SR, Eq. 1. 
 
 
mij=        
                                                                                      (1) 
 
Step 5: Construct decision matrices to the assigned importance, DR, and SR for each attribute and each alternative. 
3.3.3. Phase 3 
Definition of the Membership Functions (MF) or μ(x) for EFR. Figures 1 and 2 show the MF used for the 
proposed method in this paper. Membership functions were obtained by Eq. 2, where Xi, α, and θ are shown in 
Figure 3. 
 
 
 
 
 
Fig. 1. Membership Functions for Intangible Attributes. 
 
Fig. 2. Membership Functions for Tangible Attributes 
1 2
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Fig. 3. SR, DR, and the Common Area. 
3.3.4. Phase 4 
Assess the EIC of each attribute for each alternative using the Information Axiom with weight. Figure 3 shows 
the SR, DR, and the Common Area. Equations 3, 4, 5, and 6 are used for calculate EIC.  
 
EIC= log2Area of Ergonomic System Design (Triangular Fuzzy Number) 
                                                                          Common Area       (3) 
 
 
                             Common Area (CA) = [μ(x)* (c - α)] * ½           (5)
       
                                      System Area (SA) = (c - a) * ½           (6) 
3.3.5. Phase 5 
This phase consists in obtaining the Total Content of Ergonomic Incompatibility for each alternative. The 
alternative which has the minimum EIC is chosen as the best choice. 
4. Results 
To illustrate the proposed method, a numerical example for three alternatives of Plastic Molding Machines has 
been presented. The procedure is resumed as following: 
4.1. Phase 1 
Step 1: Five attributes and twenty sub-attributes were considered. Corollary 6 of Axiomatic Design was used to 
establish the EFR’s,  which were:  EFRA111: At least good,  EFRA112: At least good, EFRA121 :At least 
excellent, EFRA122:At least regular, EFRA123: At least good, EFRA124: At least regular, EFRA125: Low, 
EFRA131: At least good, EFRA132: At least good, EFRA133: At least good, EFRA134: At least good, EFRA135: At 
least good, EFRA136: At least very good, EFRA137: At least very good, EFRA141: Low, EFRA142: Low, 
EFRA143: Low, EFRA144: Low,FRA151 : At least good, and EFRA152 : At least very good.  
Step 2: The  has three alternatives of Plastic Molding Machines which were evaluated in this case of study (Table 2).   
Table 2. Plastic Molding Machine Alternatives. 
Alternative Plastic Molding Machine 
X Battenfeld TM 75/210 
Y Vandorn 75 
Z New Bury 75 
Step 3: Three experts evaluated the alternatives; all experts had vast experience in the manufacturing and academic 
fields. Ergonomic Attributes included in the ECS were explained individually during a face to face   
interview. 
                          Weighted EIC = ΣwiEICi   Weighted Ergonomic Incompatibility Content Value                (4)                     
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Step 4: Five linguistic terms were chosen according Table 1 and Table 2. 
Step 5: The importance of each attribute was obtained via pairwise comparisons of AHP methodology. 
Step 6: Experts subjective evaluations were made using ECS, see [13] for further reading. 
4.2. Phase 2 
Step 1: Convert the linguistic terms of the ratings assigned to each attribute to their numeric value as example Table 
3 shows the evaluation of each attribute only for the Alternative X in linguistic terms. Numeric values are 
not shown. Results for Alternative Y and Z are not presented in this paper, they can be provided by request. 
Table 3. Evaluation of Alternative X for each Attribute in linguistic terms by experts 
 Attributes A 111 A112 A 121 A 122 A 123 A 124 A 125 A 131 A 132 A 133 
Ex
pe
rts
 E1  X 
E2  X 
E3  X 
G 
VG 
VG 
VG 
VG 
G 
VG 
VG 
VG 
VG 
G 
VG 
G 
VG 
VG 
VG 
VG 
VG 
H 
L 
L 
VG 
E 
VG 
VG 
VG 
VG 
VG 
VG 
VG 
 Attributes A 134 A135 A 136 A 137 A 141 A 142 A 143 A 144 A 151 A 152 
Ex
pe
rts
 E1  X 
E2  X 
E3  X 
E 
VG 
VG 
VG 
VG 
VG 
VG 
VG 
VG 
G 
VG 
G 
M 
M 
VL 
L 
L 
VL 
L 
L 
VL 
L 
H 
L 
G 
G 
VG 
G 
VG 
VG 
 
Step 2: AHP was used to obtain the importance of each attribute. The results are shown in Table 4.  
Step 3: Determine DR for each attribute from experts’ opinions and Corollary number 6 of Axiomatic Design 
Theory. 
Step 4: Add the experts’ opinions on the assigned rating of each attribute to each alternative obtaining the SR. For 
example, for only one attribute A125 with Alternative X it is calculated as following: 
 
 
 
 
 
 
Table 4. Importance of the Attributes by Experts obtained by AHP 
  A11 A12 A13 A14 A15 A111 A112 A121 A122 A123 A124 A125 A131 
w AHP 0.355 0.175 0.236 0.113 0.122 0.712 0.288 0.175 0.266 0.269 0.167 0.123 0.128 
  A132 A133 A134 A135 A136 A137 A141 A142 A143 A144 A151 A152 
w AHP 0.132 0.128 0.203 0.120 0.156 0.135 0.320 0.094 0.286 0.300 0.590 0.410 
 
Step 5: Construct decision matrices to the assigned importance, recommended design rating (DR), and assigned 
system ratings of each attribute to each alternative (SR). The results are shown in Table 5. 
Table 5.  Fuzzy Decision Matrix for the Assigned Rating to each Alternative by Experts (SR)  
Alternative A111 A112 A121 A122 A123 
X (0.53 0.68 0.83) (0.53 0.68 0.83) (0.60 0.75 0.90) (0.53 0.68 0.83) (0.53 0.68 0.83) 
Y (0.20 0.30 0.50) (0.40 0.55 0.70) (0.47 0.62 0.77) (0.33 0.48 0.63) (0.20 0.30 0.50) 
Z (0.40 0.55 0.70) (0.40 0.55 0.70) (0.47 0.62 0.77) (0.27 0.42 0.57) (0.27 0.42 0.57) 
wAHP 0.712 0.288 0.175 0.266 0.269 
Alternative A124 A125 A131 A132 A133 
X (0.60 0.75 0.90) (0.17 0.42 0.67) (0.67 0.83 0.93) (0.60 0.75 0.90) (0.60 0.75 0.90) 
Y (0.47 0.62 0.77) (0.17 0.42 0.67) (0.20 0.35 0.50) (0.27 0.42 0.57) (0.33 0.48 0.63) 
Z (0.40 0.55 0.70) (0.20 0.42 0.63) (0.27 0.42 0.57) (0.27 0.42 0.57) (0.20 0.35 0.50) 
wAHP 0.167 0.123 0.128 0.132 0.128 
125(11) 1/ 3(0.5 0.0) 0.167AX    
125(12) 1/ 3(0.75 0.25 0.25) 0.417AX     
125(13) 1/ 3(1.0 0.5 0.5) 0.667AX     
> @125 0.167,0.417,0.667AX  
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Alternative A134 A135 A136 A137 A141 
X (0.67 0.83 0.93) (0.60 0.75 0.90) (0.60 0.75 0.90) (0.47 0.62 0.77) (0.20 0.33 0.57) 
Y (0.40 0.55 0.70) (0.20 0.35 0.50) (0.27 0.42 0.57) (0.20 0.35 0.50) (0.20 0.42 0.63) 
Z (0.27 0.42 0.57) (0.20 0.3 0.50) (0.27 0.42 0.57) (0.27 0.42 0.57) (0.27 0.5 0.73) 
wAHP 0.203 0.120 0.156 0.135 0.320 
Alternative A142 A143 A144 A151 A152 
X (0.00 0.17 0.43) (0.00 0.17 0.43) (0.17 0.42 0.67) (0.47 0.62 0.77) (0.53 0.68 0.83) 
Y (0.17 0.33 0.6) (0.33 0.50 0.67) (0.17 0.42 0.67) (0.47 0.62 0.77) (0.33 0.48 0.63) 
Z (0.17 0.33 0.6) (0.33 0.58 0.73) (0.17 0.42 0.67) (0.47 0.62 0.77) (0.40 0.55 0.70) 
wAHP 0.094 0.286 0.300 0.590 0.410 
4.3. Phase 3 
Definition of the Membership Functions for DR and SR; for attribute A125 in Alternative X is shown as an 
example as following (complete Membership Functions are shown in Table 6.  
 
 
4.4. Phase 4 
Assess the EIC of each attribute for each alternative using the Information Axiom with weight. In order to obtain 
the EIC a sample calculation for only one attribute (A125 in Alternative X) is given as an example: 
Common Area (CA) = [0.385 * (0.667 – 0.300)] * ½ = 0.070 
System Area (SA) = (0.667 - 0.167) * ½ = 0.25      and EICA125= log2 (0.25 / 0.070) = 1.820 
Table 6 shows results of EIC for each attribute and TEIC for Alternative X (Battenfeld TM 75/210) only, same 
calculations were made for alternative Y and alternative Z but are not shown in this paper, they can be provided by 
request. 
Table 6. EIC for Plastic Molding Machines, Alternative X 
ALTERNATIVE X 
Attribute DESIGN RANGE SYSTEM RANGE COMMON AREA Design Range α β θ a b c 
A111 At least Good (0.400, 1.000, 1.000) (0.533, 0.683, 0.833) 0.105 
A112 At least Good (0.400, 1.000, 1.000) (0.533, 0.683, 0.833) 0.105 
A121 At least Good (0.400, 1.000, 1.000) (0.600, 0.750, 0.900) 0.122 
A122 At least Good (0.400, 1.000, 1.000) (0.533, 0.683, 0.833) 0.105 
A123 At least Good (0.400, 1.000, 1.000) (0.533, 0.683, 0.833) 0.105 
A124 At least Good (0.400, 1.000, 1.000) (0.600, 0.750, 0.900) 0.122 
A125 At least Medium (0.300, 1.000, 1.000) (0.167, 0.417, 0.667) 0.071 
A131 At least Good (0.400, 1.000, 1.000) (0.667, 0.833, 0.933) 0.121 
A132 At least Good (0.400, 1.000, 1.000) (0.600, 0.750, 0.900) 0.122 
A133 At least Good (0.400, 1.000, 1.000) (0.600, 0.750, 0.900) 0.122 
A134 At least Good (0.400, 1.000, 1.000) (0.667, 0.833, 0.933) 0.121 
A135 At least Good (0.400, 1.000, 1.000) (0.600, 0.750, 0.900) 0.122 
A136 At least Good (0.400, 1.000, 1.000) (0.600, 0.750, 0.900) 0.122 
A137 At least Good (0.400, 1.000, 1.000) (0.467, 0.617, 0.767) 0.085 
A141 At most Medium (0.000, 0.000, 0.700) (0.200, 0.333, 0.567) 0.130 
A142 At most Medium (0.000, 0.000, 0.700) (0.000, 0.167, 0.433) 0.201 
A143 At most Low (0.000, 0.000, 0.500) (0.000, 0.167, 0.433) 0.178 
A144 At most Medium (0.000, 0.000, 0.700) (0.167, 0.417, 0.667) 0.148 
A151 At least good (0.400, 1.000, 1.000) (0.467, 0.617, 0.767) 0.085 
A152 At least fair (0.200, 1.000, 1.000) (0.533, 0.683, 0.833) 0.126 
  
0.570 0.300( ) 0.385
1.000 0.300
u x   
5776   Aidé Maldonado-Macías et al. /  Procedia Manufacturing  3 ( 2015 )  5769 – 5776 
ALTERNATIVE X (Continued) 
Attribute SYSTEM AREA LOG SA 
LOG  
CA 
INCOMPATIBILITY CONTENT 
I w (2
nd. 
level) 
(I)(w) (2nd. 
level) 
w (1st. 
level) 
(I)(w) (1st. 
level) 
A111 0.15 -2.73 -3.24 0.509 0.712 0.362 0.355 0.128 
A112 0.15 -2.73 -3.24 0.509 0.288 0.146 0.355 0.052 
A121 0.15 -2.73 -3.03 0.296 0.175 0.051 0.175 0.009 
 ERGONOMIC INCOMPATIBILITY CONTENT  X= 0.486 
4.5. Phase 5 
This phase consists in obtaining the Total Ergonomic Incompatibility Content (TEIC) for each alternative, using 
Equation 3 at each level of the hierarchy. The alternative which has the minimum EIC is chosen as the best choice. 
Results of Total Ergonomic Incompatibility content for the three alternatives: 
 
X=0.486                                                                  Y=2.684                                                                               Z=1.911 
5. Conclusions 
As conclusions of this work, established objectives were accomplished, since ergonomic requirements could be 
considered to support decision making using the approach. In this way, the DM could conveniently regard an 
ergonomic perspective in their final decision having a more complete reference frame. Some conclusions can be 
made about the effectiveness of a multi-attribute approach, given that the structured hierarchy for the multiple 
ergonomic requirements for AMT selection helps the understanding of this complex problem. Also, the fuzzy 
axiomatic design approach presents important advantages in the way it can guide to an acceptable and reliable 
solution when entire information is not available for DM. and the use of the information axiom and its adaptation to 
obtain the EIC, DR can be modified according experts’ interests following an evaluation purpose. 
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